Aerosol optical depth measurements over Bahrain acquired through the ground-based Aerosol Robotic Network are analyzed. Optical depths obtained from ground-based sun/sky radiometers showed a pronounced temporal trend, with a maximum dust aerosol loading observed during the March to July period. The aerosol optical depth probability distribution is rather narrow with a modal value of about 0.25. The Angstrom parameter frequency distribution has two peaks. One peak around 0.7 characterizes a situation when dust aerosol is more dominant, the second peak around 1.2 corresponds to relatively dust-free cases. The correlation between aerosol optical depth and water vapor content in the total atmospheric column is strong (correlation coefficient of 0.82) when dust aerosol is almost absent (Angstrom parameter is greater than 0.7), suggesting possible hygroscopic growth of fine mode particles or source region correlation, and much weaker (correlation coefficient of 0.45) in the presence of dust (Angstrom parameter is less than 0.7). Diurnal variations of the aerosol optical depth and precipitable water were insignificant.
Introduction
Remotely measured atmospheric aerosol optical parameters are important for various applications including computations of radiative forcing and satellite remote sensing. Aerosol optical depth, which may be derived from measurements of attenuated direct solar radiation, as well as the aerosol size distribution and single-scattering albedo, which may be derived from combined aerosol optical depth and solar almucantar sky radiance data, are pivotal parameters defining the aerosol optical state of the atmosphere (King et al. 1999; Kaufman et al. 1997 ). The major advantage of these kind of remote sensing measurements over direct in-situ aerosol sampling or laboratory analysis is their large-scale (column integrated quantities) and nonintrusive nature. Satellite based remote sensing methods along with the ground-based methods have produced promising results (Kaufman et al. 2000; Tanre et al. 2001 ).
Mineral dust, considered as a part of the natural background aerosol, often has been neglected in anthropogenic climate change considerations (Andreae 1996) . Although it is not presently possible to adequately characterize the influence of mineral dust on global climate, Li et al. (1996) suggest that it could be an important climate-forcing component over specific oceanic areas and other regions where dust concentration is high. Dust plays an important role in radiative processes and its optical properties are important for various estimations of radiative forcing (Miller and Tegen 1998) .
Despite the long history of dust aerosol studies our knowledge of dust optical properties is still far from being sufficient (Sokolik and Toon 1999) . Dust composition plays an important role in determining these optical properties and a priori knowledge of the real variability of aerosol optical parameters over different areas is of interest for many studies. One cannot generalize dust optical properties to a global scale despite observations such as those of Prospero (1999) that dust collected in the western Atlantic had similar mineral composition to dust collected off the coast of Africa. Sokolik and Toon (1999) have shown that aerosol extinction, single-scattering albedo and the phase function assymetry parameter are very sensitive to the individual minerals and their mixtures in dust composition.
Aerosol optical properties have not been well studied in the Persian Gulf region.
Characteristics of desert aerosols in the Persian Gulf area were derived from the Landsat data by Otterman et al. (1982) . Ground-based or airborne data were acquired mainly in the spring or summer of 1991 (see e.g. Hobbs and Radke (1992) , Nakajima et al (1996) ) and were focused on the smoke from the Kuwait oil fires. The 14 months record of the Linke turbidity factor in Bahrain (Alnaser and Awadalla 1995) was also influenced by aerosol from oil fires.
In the current study we analyze atmospheric aerosol optical properties over Bahrain, investigate seasonal variability of aerosol optical depth and its spectral behavior, establish a relationship between optical depth and precipitable water, and present volume size distribution and single-scattering albedo dynamics. silicon photodiode, used as a detector, is not temperature stabilized but its temperature is routinely monitored and a correction is systematically applied to the 1020 nm channel voltages as recommended by the manufacturer and verified and quantified by laboratory temperature testing. Holben et al. (1998) and Eck et al. (1999) presented careful assessments of the overall uncertainty in computed τ a due to calibration uncertainty and lack of both surface pressure data and actual ozone column amount. Typically, the total uncertainty in τ a (λ) for a field instrument is ±0.01 to ±0.02, and is spectrally dependent with the higher errors in the UV spectral range. Schmid et al. (1999) showed that discrepancies between aerosol optical depths measured by a CIMEL radiometer and four other radiometers in field experimental conditions were within 0.015 (rms). The details of the water vapor content retrieval procedure and the types of errors involved can be found in Schmid et al. (2000) . The extracted water vapor content in the total atmospheric column (in cm of precipitable water) is usually consistent to within ~10% of radiosonde or microwave radiometer measurements.
The sky radiance almucantar measurements are acquired in four spectral channels at 440, 670, 870 and 1020 nm. For each solar zenith angle sky radiances are taken at 28 azimuth angles within the relative azimuth angle range (from the Sun) of 2-180° (Holben et al. 1998) . A flexible inversion algorithm for retrieval of aerosol optical properties, developed by Dubovik and King (2000) , was used for retrieving aerosol volume size distributions over a range of sizes from 0.05-15 µm together with spectrally dependent complex refractive index and single scattering albedos from spectral sun and sky radiance data. This approach is significantly different from earlier studies in that simultaneous retrieval of the particle size distribution and complex refractive index via fitting of radiances measured in the entire available angular and spectral range was implemented. The optimized inversion algorithm was built on the principles of statistical estimation: the spectral radiances and various a priori constraints on aerosol characteristics were considered as multi-source data that were known with predetermined accuracy. The inversion was designed as a search for the best fit of all input data by a theoretical model that takes into account the different levels of accuracy of the fitted data. An inversion strategy, details of the algorithm development and the methodological aspects of the detailed statistical optimization of the influence of noise in the inversion procedure are discussed in depth in (Dubovik and King 2000) .
The accuracy of the aerosol particle size distributions and single scattering albedos has been studied in detail by . Retrieval errors in dV/dlnR typically do not exceed 15-35% (depending on aerosol type) for each particle radius bin within the 0.1-7 µm range. The errors for very small particles (r~0.05-0.1 µm) and very large particles (r~7-15 µm) may be as large as 35-100% (for each particle radius bin). However, no significant shifts in the positions of mode radii or changes in the shape of size distributions are expected. Single scattering albedos (SSA) are expected to have an uncertainty of 0.03-0.05 depending on aerosol type and loading ).
An automatized and computerized cloud screening algorithm (Smirnov et al. 2000) was applied to the direct sun measurements. Because of the fairly low cloud fraction throughout the measurement period approximately 80% of the original data remained after the application of the complete screening procedure.
Bahrain is situated on the western side of the Persian Gulf between Saudi Arabia and Qatar.
The Persian Gulf itself extends from the Euphrates River delta to the Strait of Hormuz.
According to the Forecaster's Handbook (Heishman 1999) the area's long-term climatology has enabled the following seasonal divisions to be established for the Persian Gulf: southwest monsoon (June-September), fall transition (October-November), northeast monsoon (DecemberMarch), and spring transition (April-May). During the southwest monsoon a northwesterly flow occurs at all levels over the Arabian Peninsula bringing extremely dry air and dust from the Iraqi deserts. During the fall transition season, winds remain northwesterly but speeds decrease, the frequency of occurrences of dust storms decreases significantly, and air temperatures drop. The northeast monsoon is characterized by a very complex airflow pattern, which can be a combination of land-sea breezes, outflow from the Persian Gulf and northeasterly flow off the Iranian coast. Dust usually is advected from Saudi Arabia, Iraq or southern Iran (Liu et al. 2000) .
In the April-May period winds are predominantly from the North or North-northwest, and the frequency of dust storms increases. The analyzed measurement period of one year was influenced by all the seasonal dynamics described above.
Results

Intra-annual variability of optical parameters and water vapor content
For simplicity we will characterize atmospheric aerosol optical conditions by two parameters: τ a (500 nm), which is the aerosol optical depth at a wavelength of 500 nm, and the Angstrom parameter α derived from a multi-spectral log linear fit to the classical equation τ a~λ -α (based on four wavelengths in the range 440-870 nm). Although not all optical depth spectra are well represented by an Angstrom fit (see, e.g., (King and Byrne 1976; Kaufman 1993; Villevalde et al. 1994; Eck et al. 1999; O'Neill et al. 2001) ), the Angstrom parameter α can still be considered as a first-order indicator of average spectral behavior. It is noted that for bimodal size distributions and coarse mode dominated size distributions (both of which frequently occur in Bahrain) the spectral curvature of lnτ a versus lnλ is very small (Eck et al. 1999) . where WVC is the water vapor content in the total atmospheric column (in centimeters of precipitable water). If we divide our data set into dusty (α<0.7, gridded squares in Figure 6b ) and dust-free classes (α>0.7, solid circles in Figure 6b ), then the correlation coefficients are computed to be of 0.45 and 0.82 respectively and regression relationships are found to be as follows:
τ a (500 nm) = 0.097WVC+0.192, (for α<0.7), τ a (500 nm) = 0.115WVC+0.024, (for α>0.7).
The scatter plot of α versus WVC (Figure 6c ) does not yield any distinguishable pattern.
Diurnal variability of optical parameters and water vapor content
For various applications the diurnal variability of atmospheric optical parameters and precipitable water is of great importance. Also, the hourly statistics themselves are of interest for atmospheric correction and validation efforts. Using our data set we computed the diurnal τ a 
Volume size distribution and single scattering albedo retrievals
Aerosol optical properties (aerosol volume size distributions and single scattering albedos) were retrieved from spectral sun and sky radiance data by an iterative algorithm (Dubovik and King 2000) with the following initial guess: dV/dlnR=0.0001, n(λ i )=1.50, k(λ i )=0.005, where dv/dlnR denotes aerosol volume size distribution, n(λ i ) and k(λ i ) denote real and imaginary parts of the refractive index at a wavelength λ i . The inversion algorithm produces retrievals, which correspond to the effective optical properties for the total atmospheric column. In the retrieval algorithm the aerosol particles are assumed to be polydisperse homogeneous spheres. showed that the size distribution, in the case of non-spherical dust aerosols can be retrieved reasonably well when the angular range of sky radiances is limited to scattering angles smaller than 30-40°. However, in order to retrieve the single scattering albedo the sky radiances acquired in the whole almucantar are needed along with the direct sun measurements. Thus for non-spherical dust aerosols, we should use the early morning or late afternoon (scattering angle range is large) sky radiance measurements to retrieve a single scattering albedo and sky radiances acquired around midday (scattering angle range is small) to extract aerosol size distributions . in May was smaller. Perhaps this is an artifact of non-sphericity in our retrieval algorithm, which may appear when desert dust aerosol dominates . 
where dV/dlnR is the volume distribution, the volume concentration C v is the columnar volume of particles per unit cross section of atmospheric column, R is the particle radius, R v is the volume geometric mean radius, σ is the geometric standard deviation. Effective radius is defined as a ratio of the third over the second moment of the number size distribution. It should be noted that we assigned particles with radii 0.05<r<0.3-0.6 µm and with radii 0.3-0.6<r<15 µm to the fine and coarse modes respectively (before and after the infliction point). Volume concentrations for each fraction are also presented in Table 1 .
Variations in aerosol volume size distributions over Bahrain were largely due to changes in the concentration of the coarse aerosol fraction (variation coefficient, defined as standard deviation divided by average, of 61%). The annual averaged particle fine and coarse mode geometric mean radii were 0.14 µm (s.d.=0.02) and 2.57 µm (s.d.=0.27), respectively. Variation coefficients yielded values of 15% for the fine mode R v and 24% for the fine mode σ, and 10% and 8% for the coarse mode parameters (Table 1) .
Single scattering albedos (SSA) are shown in Figure 11 
Comparison of Angstrom parameters derived from a nephelometer and the sunphotometer
The sunphotometer data were compared to surface nephelometer measurements during the initial checkout period immediately after instrument installation. The nephelometer was a TSI (TSI Model 3650) three wavelength integrating nephelometer (Anderson et al. 1996) . The instrument was located inside an air-conditioned trailer with an outside sampling tube consisting of 3 m of 5 cm (2 in) inside diameter clear plastic tubing. The sampling chamber was heated ~3C
to minimize condensation problems. The data were acquired on a portable computer with an averaging time of 5 minutes. The system collected scattering coefficients integrated over the total sphere (7-170 degrees) as well as over the back hemisphere (90-170 degrees) at blue, green and red wavelengths (450, 550, and 700 nm). Only the total hemisphere scattering coefficients were used in the analysis we present here.
The total scattering from the sample at three wavelengths was used to calculate the Angstrom parameter derived from a multi-spectral log linear fit. The sunphotometer and nephelometer were compared over a three day period from July 23 to July 25, 1998. Figure 12 shows that the Angstrom parameters computed from the sunphotometer and nephelometer were similar. This level of agreement indicates that the aerosol size distribution in the local sampling volume of the nephelometer and the size distribution in the vertical column were similar in form. During the day when optical depth measurements were available, the coefficients were similar in the range from 0.4 on July 23 to 1.1 on July 25, suggesting similar aerosol size distributions at the surface and in the total column. At night and into next morning, the nephelometer Angstrom parameter showed a strong increase, indicating that the relative proportion of large particles decreased substantially during the night, while the sunphotometer α was still low the following morning.
Thus on the morning of July 26, the data suggest that there were significantly more large particles (dust) aloft than at the surface where fine mode aerosol dominated.
Conclusions
The principal conclusions drawn from our work can be summarized as follows:
1. It was found that intra-annual variability of the optical properties (aerosol optical depth and Angstrom parameter) over Bahrain was significant for the time period of this study. Seasonal and diurnal variations of optical parameters showed that the dust aerosol concentrations were a major contributor to optical depth and Angstrom parameter variability. The limitations of the data set size (~1 year) preclude the establishment of definitive aerosol climatology for this region.
2. Regression relationships between aerosol optical depth and water vapor content in the total atmospheric column have been derived for relatively dust-free conditions as well as for dusty conditions. If another criterion to choose between dust-free and dust loaded conditions is available (such as a threshold on α) then these relationships, in particular for relatively dust free cases, can be used to predict optical depth from values of precipitable water.
3. Optical inversions of sky radiance and optical depth data indicate that the variations in aerosol volume size distributions over Bahrain were largely due to changes in the concentration of the coarse aerosol fraction (variation coefficient of 61%).
4. The spectral variability of the single-scattering albedo was different during the dusty and nondusty conditions. In the presence of dust the spectral dependence of the SSA was almost neutral.
When dust was not a major component, the SSA decreased with wavelength. This decreasing spectral trend is similar to results obtained for urban pollution and smoke aerosols (Dubovik et al. 2001 ).
5. The changes in the Angstrom parameter α derived from a ground-based nephelometer and a co-located sunphotometer were quite similar over the July 23 and July 25 time period, when both observed a modest increase. The agreement implies a degree of vertical homogeneity in the aerosol distribution during the period when the two instruments were co-located. The two types of symbols in Figure 6b correspond to a partitioning of points into dust (gridded squares) and dust-free (solid circles) classes. C v is the volume concentration (µm 3 /µm 2 ), R v is the volume geometric mean radius, R eff is the effective radius, σ is the geometric standard deviation. 
